Pharmacological manipulation of protein acetylation levels by histone deacetylase (HDAC) inhibitors represents a novel therapeutic strategy to treat neurodegeneration as well as cancer. However, the molecular mechanisms that determine how HDAC inhibition exerts a protective effect in neurons as opposed to a cytotoxic action in tumor cells has not been elucidated. We addressed this issue in cultured postnatal mouse cortical neurons whose p53-dependent and p53-independent intrinsic apoptotic programs require the proapoptotic multidomain protein, Bax. Despite promoting nuclear p53 accumulation, Class I/II HDAC inhibitors (HDACIs) protected neurons from p53-dependent cell death induced by camptothecin, etoposide, heterologous p53 expression or the MDM2 inhibitor, nutlin-3a. HDACIs suppressed p53-dependent PUMA expression, a critical signaling intermediate linking p53 to Bax activation, thus preventing postmitochondrial events including cleavage of caspase-9 and caspase-3. In human SH-SY5Y neuroblastoma cells, however, HDACIs were not able to prevent p53-dependent cell death. Moreover, HDACIs also prevented caspase-3 cleavage in postnatal cortical neurons treated with staurosporine, 3-nitropropionic acid and a Bcl-2 inhibitor, all of which require the presence of Bax but not p53 to promote apoptosis. Although these three toxic agents displayed a requirement for Bax, they did not promote PUMA induction. These results demonstrate that HDACIs block Bax-dependent cell death by two distinct mechanisms to prevent neuronal apoptosis, thus identifying for the first time a defined molecular target for their neuroprotective actions.
Introduction
Histone deacetylase (HDAC) inhibitors are emerging as a new class of anticancer agent capable of altering critical functions in tumor cells through epigenetic changes in gene expression (Bolden et al., 2006; Dokmanovic et al., 2007) . Mammals have four families of HDACs; Class I, II and IV enzymes require zinc for catalytic activity, whereas class III enzymes are nicotinamide adenine dinucleotide dependent (Bolden et al., 2006; Dokmanovic et al., 2007) . The opposing actions of these HDACs and histone acetyltransferases (HAT) dictate the patterns of gene expression through regulated acetylation of histones and/or nonhistone proteins including signal transducers and transcription factors. Thus, any imbalance in the HAT/HDAC system could potentially alter cellular homeostasis. Indeed, abnormalities in the regulation of HAT/HDAC expression/activity have been associated with tumorigenesis and, more recently, with neurodegenerative diseases (Bolden et al., 2006; Saha and Pahan, 2006; Dokmanovic et al., 2007) . HDAC inhibitors (HDACIs) can mitigate the phenotypes associated with polyglutamine diseases including Huntington's disease (HD) (Steffan et al., 2001; Hockly et al., 2003; Gardian et al., 2005) and spinal and bulbar muscular atrophy (Minamiyama et al., 2004) as well as nonpolyglutamine neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) Petri et al., 2006) . However, the neuroprotective actions of HDAC inhibitors observed in these disparate models of neurodegeneration remain poorly characterized.
The tumor suppressor protein, p53, coordinates cell-cycle progression and apoptosis through transcription-dependent and transcription-independent mechanisms (Vousden and Lane, 2007) . In the CNS, the absence or inhibition of p53 activity protects neurons in vivo and in vitro from both acute neurological insults (Morrison et al., 2003) as well as chronic neurodegenerative diseases as recently demonstrated in a mouse model of HD (Bae et al., 2005) . These collectively point to p53 as a potential clinical target for neurodegenerative disease therapy.
Given the evidence of p53 involvement in HD and other neurodegenerative diseases, coupled with the neuroprotective effects of HDAC inhibitors in animal models of these diseases, we reasoned that HDAC inhibitor-sensitive components might participate in p53-mediated cell death signaling in neurons. We report here that HDACIs specific for class I and II HDACs prevent p53-dependent neuronal apoptosis through selective suppression of p53-target genes and consequent abrogation of Bax activation.
We further demonstrate that HDACIs prevent BAX-dependent caspase-3 cleavage under conditions that do not require p53. These findings suggest that HDACIs may protect neurons from a diverse array of neurological insults by blocking both p53-dependent and p53-independent pathways and provide a molecular framework for understanding neuroprotective HDACI action in neurons.
Materials and Methods
Materials. Trichostatin A (TSA), etoposide, nicotinamide, Bcl-2 inhibitor and sirtinol were purchased from EMD Biosciences. Sodium butyrate (SB) was from Sigma-Aldrich. Suberoylanilide hydroxamic acid (SAHA) was obtained from BioVision. The sources for other chemicals are described previously (Xiang et al., 1998; Johnson et al., 1999; Uo et al., 2007) .
Cell culture and adenovirus infection. SH-SY5Y human neuroblastoma cells were maintained in Dulbecco's modified MEM/F12 (1:1) with 10% fetal bovine serum and treated as described previously (Johnson et al., 1999; Uo et al., 2005) . Primary neuronal cultures derived from postnatal day 0 (P0) cortex were prepared as described previously (Xiang et al., 1996) and maintained for 3 or 4 d before experimental manipulations unless otherwise specified. Cell viability was determined based on morphological criteria as described previously (Xiang et al., 1996) , by green fluorescent protein (GFP) fluorescence or nuclear staining with ethidium homodimer-1 (EthD-1). Dying or dead cells at 24 h after treatment were visualized by incubation with 2 M EthD-1 for 30 min at room temperature.
To express p53 in p53 Ϫ/Ϫ postnatal cortical neurons, 1-d-old cultures were infected with adenovirus carrying the human p53 gene (Ad-p53) or the ␤-galactosidase gene (Ad-LacZ), propagated as described previously (Xiang et al., 1996) , at 50 MOI for 24 h, followed by the specified treatment for 12 h.
Plasmid construction and transient transfection assay. cDNA fragments encoding mouse p21 WAF1/CIP1 and BIM EL , L and S were prepared by RT-PCR using the OneStep RT-PCR kit (Qiagen) using total RNA isolated from mouse cortical neuronal cultures. The following primers were used for p21 WAF1/CIP1 (forward primer, GGG AAT TCA TGT CCA ATC CTG GTG ATG TCC; reverse primer, GGA CTC GAG TCA GGG TTT TCT CTT GCA GAA GAC) and for BIM EL , L and S (forward primer, GGA GAA TTC ATG GCC AAG CAA CCT TCT GAT GTA AG; reverse primer, GGA CTC GAG TCA ATG CCT TCT CCA TAC CAG ACG). EcoRI and XhoI sites are singly and doubly underlined, respectively. Each resultant PCR fragment was digested with EcoRI and XhoI and subsequently cloned into the same site of the pCMVTag2B vector (Stratagene) for p21 WAF1/CIP1 and pCDNA3 FLAG vector (Uo et al., 2005 (Uo et al., , 2007 for BIM isoforms. For transient transfection assays, 1 d after plating, postnatal cortical neurons plated in 4-well multidishes (Nunc) at 4 ϫ 10 5 cells/well were cotransfected with 0.2 g of a GFP expression vector (pEGFPN2; BD Biosciences, Clontech) and 0.8 g of the expression plasmid for p21 WAF1/CIP1 (pCMVTag2 p21 WAF1/CIP1 ) or for BIM isoforms (pCDNA3 FLAG BIM EL , L and S ) using Lipofectamine 2000 (Invitrogen) as described previously (Uo et al., 2007) .
Caspase-3 enzymatic activity assay. Caspase-3 enzymatic activity was determined by monitoring the cleavage of the fluorogenic caspase substrate zDEVD-AFC using the Caspase-3 Assay Kit (BD Biosciences) as described previously (Johnson et al., 1999) .
Immunoblotting, immunoprecipitation and immunofluorescence. Preparation of protein extracts, Western blotting and immunoprecipitation for detecting the activated form of Bax were performed as described previously (Uo et al., 2005 (Uo et al., , 2007 . Fluorescence and phase-contrast microscopic images were captured on an Axiovert 200 inverted microscope (Carl Zeiss Microimaging) equipped with a cooled charge-coupled device camera (SensiCam, Cooke Corporation). Images to be directly compared were processed in an identical manner with Slidebook imaging software (Intelligent Imaging Innovations). The sources of the antibodies used and the respective dilutions are given in supplemental Table 1 , available at www.jneurosci.org as supplemental material.
Microarray and semiquantitative RT-PCR analyses. Microarray data were obtained and analyzed as described previously (Uo et al., 2007) . Semiquantitative RT-PCR was performed as described previously with the primers described previously (Uo et al., 2007) or listed in supplemental 
Results
Class I and II HDACIs block p53-dependent neuronal apoptosis distal to p53 accumulation but proximal to Bax activation In mouse postnatal cortical neurons, the topoisomerase I inhibitor camptothecin (CPT) causes DNA damage and induces p53 expression and transcriptional activation of the BH3-only protein PUMA, which results in Bax-dependent caspase-3 activation and extensive cell death within 24 h (Uo et al., 2007) . Genetic ablation of either p53 or Bax completely blocks caspase-3 activation and cell death (Xiang et al., 1998; Uo et al., 2007) , while either knockout (Cregan et al., 2004) or knockdown (Uo et al., 2007) of PUMA provides significant protection from p53-dependent neuronal death. In this CPT-induced p53-dependent apoptosis model, cell death was completely blocked by structurally distinct HDACIs, such as the short-chain fatty acid SB and the hydroxamic acid TSA based on morphological assessment ( Fig. 1 A, B; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The protection conferred by TSA was also validated by a functional assay using ethidium homodimer, which can only penetrate damaged cells and stain their nuclear DNA (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). In contrast, the sirtuin (class III HDAC) inhibitor, nicotinamide, failed to show protection (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material).
Since postnatal cortical neurons are fully committed to undergo apoptosis by 12 h after CPT exposure (Uo et al., 2007) , this time point was chosen to identify HDACI-sensitive biochemical pathways that promote neuronal apoptosis. By 12 h, DNA damage-induced p53 nuclear accumulation has become evident (Fig. 1C) . TSA did not block, but rather enhanced, total and nuclear accumulation of p53 in response to DNA damage (Fig.  1C,D) . Despite the dramatic increase in p53 levels, TSA almost completely blocked p53-dependent caspase-3 activation and caspase-3 enzymatic activity induced in response to CPT (Fig.  1 D, E) . Similar results were obtained for SB and SAHA (supplemental Fig. 2C ,D, available at www.jneurosci.org as supplemental material). Consistent with its lack of neuroprotective activity based on morphological criteria (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material), nicotinamide (sirtuin inhibitor) did not block caspase-3 activation (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). The neuroprotective action of HDACIs against p53-mediated cell death was further validated using a second class of DNA damaging agent, the topoisomerase II inhibitor etoposide. As observed with CPT, etoposide upregulated p53 protein levels and induced caspase-3 activation which was completely blocked by either TSA treatment (Fig. 1 F) or p53 deficiency (data not shown).
HDACIs also blocked p53-mediated cell death induced with-out DNA damage. Nutlin-3a is a chemical that promotes p53 accumulation by antagonizing Mdm2 (Vassilev et al., 2004) , inducing p53-and Bax-dependent caspase-3 activation and neuronal death (Uo et al., 2007) . TSA further elevated p53 protein levels but blocked neuronal death induced by nutlin-3a (Fig. 1 B, G; supplemental Fig. 3A , available at www.jneurosci.org as supplemental material). We also determined if HDACIs could block caspase-3 activation induced by heterologous expression of human p53. We previously showed that human p53 expressed in p53-deficient neurons at low levels does not induce cell death on its own but can mediate cell death induced by CPT (Uo et al., 2007) . Under these conditions, CPT induced caspase-3 activation only in the presence of exogenous human p53, which was blocked by cotreatment with SB or TSA (Fig. 1 H; supplemental Fig. 3B , available at www.jneurosci.org as supplemental material).
HDACIs are known to change the expression levels of proapoptotic and antiapoptotic multidomain Bcl-2 family proteins (Doi et al., 2004; Hajji et al., 2008) . In CPT-treated cortical neurons, however, TSA cotreatment did not induce significant changes in the expression levels of Bcl-x L , Bcl-2 and Bax [BAK is not expressed in neurons (Uo et al., 2005) ] regardless of p53 status, suggesting that this mechanism of action is not involved in neuroprotection in this model (supplemental Fig. 3C , available at www.jneurosci.org as supplemental material). However, TSA blocked CPT-induced cleavage of caspase-9, which requires formation of the apoptosome comprised of caspase-9, APAF1 and cytochrome c released into the cytosol as a consequence of Bax-(neurons) or Bax/BAK (non-neuronal cells)-dependent mitochondrial outer membrane permeabilization (Riedl and Salvesen, 2007) (Fig. 1 I) . More importantly, although there was no increase in Bax expression, HDACI blocked the conformational Bax activation step, which is characterized by exposure of its N terminal 6A7 epitope (12-24 a.a.) (Fig. 1 J) . These results collec- ϩ/ϩ neurons were treated with CPT (2.5 M) alone or in combination with SB (2 mM) or TSA (200 nM) with DMSO used as a vehicle control. Representative phase-contrast images at 24 h after treatment are shown. B, Neuronal survival was quantitatively assessed by morphology (Xiang et al., 1996) , by counting healthy cells in the same field at time 0 and 24 h after treatment for each condition as shown in supplemental Figure 3A , available at www.jneurosci.org as supplemental material. Mean Ϯ SD of two fields each from three cultures (n ϭ 6; results confirmed in 3 independent experiments). Asterisk indicates significantly different from all other conditions ( p Ͻ 0.0001, one-way ANOVA using Tukey's post hoc test). Other comparisons between the conditions show no significant difference ( p Ͼ 0.05). C, Effect of TSA on p53 expression. p53 ϩ/ϩ neurons were treated with CPT and/or TSA for 12 h, fixed and stained for p53 and a neuronal marker, MAP2, with Hoechst 33258 staining. Representative images are shown from three independent experiments. D, Effect of TSA on p53 and cleaved caspase-3 protein levels. Protein samples were prepared from Bax ϩ/ϩ and Bax Ϫ/Ϫ neurons treated with CPT and/or TSA for 12 h and subjected to Western blotting. ␤-Actin was used as an internal loading control for all blots unless otherwise stated. Representative data are shown from two independent experiments. E, HDACI treatment reduces caspase cleavage activity. p53 ϩ/ϩ neurons were harvested at 12 h after treatment with CPT and/or TSA (DMSO as a vehicle control). Cytosolic extracts were prepared and evaluated for zDEVD-AFC cleavage activity. The data represent the mean Ϯ SD of relative fluorescence units (RFU)/mg protein (n ϭ 3 cultures per condition; results confirmed in 3 independent experiments). Asterisk indicates significantly different from all other conditions ( p Ͻ 0.0001, one-way ANOVA using Tukey's post hoc test). DMSO versus CPT plus TSA, p ϭ 0.63. Other comparisons between the conditions showed no significant difference ( p Ͼ 0.05). F, TSA blocks etoposide (ETO)-induced caspase-3 cleavage. p53 ϩ/ϩ neurons were treated with ETO (5 M) and/or TSA (200 nM) for 12 h and analyzed by Western blotting as described in D. Representative data are shown from two independent experiments. G, TSA blocks caspase-3 cleavage induced by ϩ/ϩ neurons were treated with nutlin-3a (10 M) and/or TSA (200 nM). Protein samples were prepared 12 h after treatment and analyzed for p53 and cleaved caspase-3. Representative data are shown from two independent experiments. H, HDACI blocks caspase-3 activation induced by heterologous expression of human p53. p53 Ϫ/Ϫ neurons were infected with adenovirus expressing human p53 (Ad-p53) or ␤-galactosidase (Ad-LacZ) at 50 MOI for 24 h and then, after washing with virus-free media, treated with CPT (2.5 M) in the presence or absence of SB (2 mM). DMSO was used as a vehicle control. Cellular exacts were prepared 12 h after treatment and analyzed for total p53 protein and cleaved caspase-3. Representative data are shown from two independent experiments. I, TSA blocks caspase-9 cleavage induced by CPT treatment. p53 ϩ/ϩ neurons were treated with CPT and/or TSA. Protein samples were prepared 12 h after treatment and analyzed for caspase-9. The arrow and arrowhead indicate full-length and cleaved caspase-9, respectively. Representative data are shown from two independent experiments. J, TSA blocks Bax activation induced by CPT treatment. p53 ϩ/ϩ neurons were treated with CPT and/or TSA (DMSO as vehicle control) for 12 h, then lysed and subjected to immunoprecipitation with anti-Bax (6A7) antibody for detecting activated Bax protein. Total extracts (input) and immune complexes (IP: 6A7) were analyzed by Western blotting using anti-Bax (N-20) antibody. The intensity of each band corresponding to the Bax protein was quantitated using ImageJ 1.41o software (National Institutes of Health, Bethesda, MD). The data are presented as the ratio of the immunoprecipitated Bax band relative to the respective Bax input signal. Representative data are shown from three independent experiments. tively demonstrate that the sites of HDACI action reside between p53 activation and Bax activation.
HDACIs selectively block p53-dependent transcription including the proapoptotic BH3-only protein, PUMA HDAC inhibition alters the expression of limited sets of genes and not only activates but also represses gene expression in a promoter-specific manner (Nusinzon and Horvath, 2005) . Thus, we examined whether transcriptional modulation is involved in the neuroprotection conferred by HDACI treatment. CPTtreated neurons that were rescued by SAHA but would otherwise be committed to apoptosis were released from SAHA-protection in the presence or absence of transcription and translation inhibitors. In the continued presence of CPT, removal of SAHA (Fig.  2 A, lane 6, 10) resulted in maximal caspase-3 activation within 4 h, while caspase-3 activation remained suppressed in the presence of actinomycin D (lane 7, 11) or cycloheximide (lane 8) similar to the levels seen in the continued presence of SAHA (lane 9, 12). The fact that caspase-3 activation triggered by SAHA removal completely depended on new mRNA and protein synthesis indicates that SAHA exerts its neuroprotective action by suppressing the expression of CPT-inducible proapoptotic genes. Although these results suggest that SAHA treatment may be inhibiting gene expression, the cyclin-dependent kinase inhibitor p21 WAF1/CIP1 , known to be induced by HDACIs (Langley et al., 2008) and to be protective (Morris et al., 2001 ) in embryonic neurons, was upregulated in TSA-treated neurons (supplemental Fig. 4 B, C, available at www.jneurosci.org as supplemental material). However, transient overexpression of p21 WAF1/CIP1 did not attenuate CPT-induced neuronal death (supplemental Fig. 4 D, available at www.jneurosci.org as supplemental material). The results are consistent with the idea that HDACIs exert an antiapoptotic effect by suppressing CPT-inducible transcriptional upregulation of certain proteins required for p53-dependent neuronal apoptosis.
This possibility was evaluated by determining if HDACIs affect the expression of p53 target genes using semiquantitative RT-PCR. CPT treatment induced p53-dependent increases in the transcripts of all the p53 target genes examined (PUMA, PHLDA3, GTSE1, p21 WAF1/CIP1 , cyclin G1 and NOXA) (supplemental Fig. 4 B, available at www.jneurosci.org as supplemental material). Intriguingly, PUMA expression was suppressed by cotreatment with HDACI (supplemental Figs. 4 B, 5 , available at www.jneurosci.org as supplemental material). Moreover, after release from protection by HDACI, the timing of PUMA induction correlated well with that of caspase-3 activation (Fig. 2 B, C) .
Importantly, transcriptional activation of PUMA did not require new protein synthesis after release from HDACI protection (Fig.  2C) . These data collectively demonstrate that HDAC inhibition directly represses the activity of the PUMA transcriptional complex. This finding is significant because the BH3-only protein PUMA represents an essential apoptosis mediator for neuronal apoptosis residing between p53 and Bax activation (Cregan et al., 2004; Wong et al., 2005; Uo et al., 2007) . Thus, suppression of PUMA as a critical mediator of apoptosis in our CPT model of neuronal apoptosis (Uo et al., 2007) should account for a significant part of the neuroprotective actions of HDACIs and explains how Bax activation is blocked by HDACIs. We also identified PHLDA3, a gene involved in the extrinsic death receptor pathway (Park et al., 1996) , as another p53 target gene (Jen and Cheung, 2005 ) whose p53-dependent induction was repressed by HDACIs ( Fig. 2C; supplemental Fig. 4 A, B , available at www.jneurosci.org as supplemental material). The other p53 target genes examined, including those that are involved in apoptosis regulation (GTSE1 and NOXA), remained unaffected by HDACI treatment.
During the course of investigating other BH3-only proteins in addition to PUMA, we unexpectedly found that HDACIs alone or in the presence of CPT significantly induced the largest protein isoform of the BIM protein, BIM EL (supplemental Fig. 6 A, B , available at www.jneurosci.org as supplemental material) despite the fact that HDACIs did not kill neurons by themselves and protected them from CPT. Increased expression of all BIM isoforms (BIM EL , L , S ) effectively killed cortical neurons in a Baxdependent manner (supplemental Fig. 6C , available at www. jneurosci.org as supplemental material), as reported for BIM EL in cerebellar granule neurons (Harris and Johnson, 2001 ), suggesting that HDACIs can abrogate the apoptotic action of BIM in cortical neurons. Collectively, these findings highlight the ability of HDACI's to selectively modify the expression and activity of p53 target gene products and BH3-only proteins in the context of neurons.
HDAC inhibitors do not block p53-dependent cell death or caspase-3 activation in SH-SY5Y neuroblastoma cells
HDACIs are known to potentiate p53-dependent and p53-independent apoptotic signaling in tumor cells (Bolden et al., 2006; Dokmanovic et al., 2007) in contrast to the neuroprotective effects we observed in neurons. Therefore, we used human SH-SY5Y neuroblastoma cells to evaluate if HDAC inhibitors generally block p53-dependent death in cells of neuronal origin or if the effect is specific for postmitotic neurons. SH-SY5Y cells underwent p53-dependent apoptosis after CPT treatment ϩ/ϩ neurons were cotreated with CPT and SAHA (10 M) for 13 h ("Pre-" treatment) and then immediately harvested (0 h in "post-treatment") or provided fresh media with CPT, CPT plus SAHA, CPT plus actinomycin D (ActD; 2 M), or CPT plus cycloheximide (CHX; 10 g/ml), and then harvested at the indicated times after switching the media. DMSO was used as a vehicle control. Protein samples were analyzed for cleaved caspase-3 (A) and PUMA and p21 WAF1/CIP1 (p21) (B) by Western blotting. Representative data are shown from two independent experiments. C, Expression levels of PUMA and PHLDA3 were analyzed by semiquantitative RT-PCR (see Materials and Methods) from total RNA extracted from cells collected at the indicated times after switching the initial media. Ribosomal protein S12 (RPS12) was analyzed as an internal control for RNA loading for each sample reaction. Representative data are shown from two independent experiments.
(supplemental Fig. 7A , available at www. jneurosci.org as supplemental material), but unlike cortical neurons, TSA (200 nM) treatment did not block caspase-3 activity (Fig. 3A) or cell death (Fig. 3B) . In fact, caspase enzyme activity was increased twofold by TSA in CPT-treated cells (Fig.  3A) . This apoptosis-promoting action of TSA does not involve a transcriptionindependent, mitochondria/cytosolassociated function of p53, since CPTinduced extranuclear accumulation of p53 remained negligible when cells were cotreated with TSA (supplemental Fig. 7B , available at www.jneurosci.org as supplemental material). Indeed, TSA prevented CPT-induced PUMA expression, while induction of another p53-target BH3-only protein NOXA was not affected (Fig. 3C) . In contrast to its action in SH-SY5Y cells (Yakovlev et al., 2004) , NOXA overexpression is not sufficient to promote cell death in postmitotic neurons such as cerebellar granule neurons (Cregan et al., 2004) and cortical neurons (Uo et al., 2007) . Furthermore, siRNA-mediated depletion of NOXA reportedly protects SH-SY5Y cells from p53-dependent cell death induced by a DNA damaging agent (Yakovlev et al., 2004) . These results strongly suggest that the proapoptotic molecule NOXA may determine the effects of HDACIs on p53-induced apoptosis in different cell types.
HDACIs prevent p53-independent but Bax-dependent caspase-3 activation in cortical neurons
While the results demonstrate that p53-dependent cell death signaling can be regulated by HDACIs in postmitotic neurons, they do not explain why HDACIs have neuroprotective actions in diverse models of neurodegenerative diseases. In addition to p53 signaling, other apoptotic signals modulate the expression/activity of proapoptotic and antiapoptotic Bcl-2 family proteins which eventually leads to Bax/BAK-dependent permeabilization of the mitochondrial outer membrane (Youle and Strasser, 2008) . Since postnatal cortical neurons lack the multidomain form of BAK (Uo et al., 2005) , Bax represents the only critical regulator of mitochondrial integrity in these cells. Thus, we determined if HDACIs can block cell death that is independent of p53 but dependent on Bax. Staurosporine, a nonspecific protein kinase inhibitor, induced robust Bax-dependent activation of caspase-9 and caspase-3 independently of p53 (Fig. 4 A, B; supplemental Fig. 8 A, B , available at www.jneurosci.org as supplemental material). Cotreatment with HDACIs (TSA, SB or SAHA) completely blocked caspase-3 activation, while sirtuin inhibitors, nicotinamide and sirtinol, were ineffective (Fig. 4 A-C) . Importantly, TSA completely blocked staurosporine-induced cleavage of caspase-9 (Fig. 4 D) . However, under the conditions evaluated, we did not observe significant changes in the expression of proteins required for apoptosome formation (cytochrome c and APAF1) (supplemental Fig. 9A , available at www.jneurosci.org as supplemental material), which suggests that HDACIs act further upstream on the pathway connecting apoptotic signals with apoptosome formation. 3-Nitropropionic acid (3-NP) is an inhibitor of succinate dehydrogenase of mitochondrial complex II and its systemic administration causes Huntington's disease-like conditions that can be reversed by HDACIs (Ferrante et al., 2003) . In our in vitro model, TSA blocked 3-NP-induced caspase-3 cleavage that occurred in a p53-independent/Bax-dependent manner (Fig. 4 E; supplemental Fig. 8C , available at www.jneurosci.org as supplemental material). We also used the small molecule Bcl-2 inhibitor, BCL2-I, which competes with a BAK BH3 peptide for binding to Bcl-2 and Bcl-x L (Enyedy et al., 2001 ) and thus directly precipitates an imbalance among Bcl-2 family member proteins. BCL2-I also produced p53-independent/Bax-dependent caspase-3 activation in cortical neurons (Fig. 4 F; supplemental Fig. 8 D, available at www.jneurosci.org as supplemental material), which was blunted by TSA treatment (Fig. 4 F) .
Higher concentrations of BCL2-I caused necrosis in a large population of neurons, which was completely prevented by the antioxidant glutathione but not by Bax deficiency or HDACIs (data not shown). Similarly, necrosis induced by H 2 O 2 was not blocked by either Bax deficiency or HDACIs (data not shown). Necrotic signals initiate cell death by opening the mitochondrial permeability transition pore which does not require Bax as an essential component (Nakagawa et al., 2005) . These results suggest that HDACIs specifically act on cell death pathways involving the Bax protein but not those that lead to necrosis. One-way ANOVA using Tukey's post hoc test. B, SH-SY5Y cells were treated as described in A for 24 h, and cell death was assessed by staining with EthD-1. Representative data are shown from three independent experiments. C, HDACI blocks PUMA induction but does not prevent NOXA induction in camptothecin-treated SH-SY5Y cells. Protein samples were prepared from SH-SY5Y cells treated with CPT and/or TSA for 12 h and subjected to Western blotting. NOXA was detected on a different gel from that used for detection of PUMA, p53 and ␤-actin. The same set of protein extracts were applied to both gels. The nonspecific bands (N.S.) migrating at ϳ12 kDa on the NOXA blot provide an indication of protein loading. Representative data are shown from two independent experiments.
Although PUMA is also known as a critical mediator of p53-independent Bax activation in response to a variety of stressors, upregulation of PUMA was not seen with the models we tested for p53-independent cell death (Fig. 4G) . The apoptotic stimuli we tested did not significantly change the expression levels of Bcl-x L , Bcl-2 and Bax (supplemental Fig. 9 B, C, available at www. jneurosci.org as supplemental material). We then examined the BH3-only proteins, BIM and BID, since these proteins, in addition to PUMA, are able to directly bind and activate the proapoptotic effectors Bax and BAK (Kim et al., 2006; Gavathiotis et al., 2008; Green and Chipuk, 2008) . We observed that BID was slightly downregulated by staurosporine and was not affected by TSA (supplemental Fig. 9B , available at www.jneurosci.org as supplemental material). BIM EL protein levels were significantly downregulated by staurosporine (supplemental Fig. 9B , available at www.jneurosci.org as supplemental material). Interestingly, staurosporine also suppressed the TSA-induced BIM EL upregulation down to the level seen with staurosporine alone (supplemental Fig. 9B , available at www.jneurosci.org as supplemental material). This result corroborates that BIM is not involved in p53-independent neuronal cell death induced by staurosporine. Collectively, these results suggest that Bcl-x L , Bcl-2, Bax, PUMA, BID and BIM do not represent HDACI-sensitive targets in p53-independent neuronal apoptosis in cortical neurons. Importantly, upregulation of BIM has been implicated as a mediator of HDACI-dependent cytotoxicity in tumor cells (Zhao et al., 2005) . These results suggest that HDACIs block a critical step in the Bax pathway that is distinct from the three known BH3-only proteins capable of directly activating Bax.
Discussion
The HDACIs have garnered a great deal of attention for their potential therapeutic applications in acute and chronic neurodegenerative diseases. However, very little is known about the mechanisms by which HDACIs promote neuroprotection. In the present study, we sought to identify HDACI-sensitive steps in apoptotic signaling in cultured postnatal mouse cortical neurons. The results demonstrate that (1) HDACIs block p53-and Baxdependent neuronal apoptosis by selectively suppressing p53-dependent PUMA expression, (2) HDACIs block p53-independent but Bax-dependent neuronal apoptosis, and (3) histone deacetylase activity is a crucial component for transactivation of p53-target genes.
HDACIs confer a general neuroprotective action by blocking Bax-dependent neuronal apoptosis
Bax plays a critical role in promoting neuronal apoptosis in neurodegeneration (Lindsten et al., 2005) . In the present study, we have shown that HDACIs block Bax-dependent caspase-3 activation both in p53-dependent and p53-independent apoptosis. This result is significant as it may explain why HDACIs exhibit neuroprotection in a wide range of neurodegenerative conditions (Steffan et al., 2001; Petri et al., 2006) . This finding naturally points to the importance of focusing on those processes required for all aspects of Bax activation and function to identify specific HDACI-sensitive targets. We identified suppression of PUMA expression by HDACIs as a key event occurring upstream of Bax in p53-dependent apoptosis. HDACI targets in p53-independent apoptosis still remain to be identified. It also remains to be deter- Ϫ/Ϫ neurons were treated with STS and/or TSA. Protein samples were prepared 7 h after treatment and analyzed for caspase-9. An arrow and an arrowhead indicate full-length and cleaved caspase-9, respectively. Representative data are shown from two independent experiments. E, p53 ϩ/ϩ and p53 Ϫ/Ϫ neurons were treated for 24 h with 3-NP at the indicated concentrations in the presence or absence of TSA (200 nM). p53 ϩ/ϩ neurons were also treated for 12 h with CPT to induce p53-dependent caspase-3 activation. Protein extracts were analyzed for expression of p53 and cleaved caspase-3. The nonspecific bands (N.S.) migrating at ϳ35 kDa on the p53 blot provide an indication of protein loading. Representative data are shown from three independent experiments. F, Bax ϩ/ϩ and Bax Ϫ/Ϫ neurons were treated for 12 h with the Bcl-2 inhibitor (BCL2-I; 8 M) in the presence or absence of TSA. Bax ϩ/ϩ neurons were also treated for 12 h with CPT to induce p53-dependent caspase-3 activation. Protein extracts were analyzed for expression of p53 and cleaved caspase-3. Representative data are shown from two independent experiments. G, Protein extracts were prepared from p53 Ϫ/Ϫ neurons treated with STS (0.5 M, 8 h), BCL2-I (8 M, 12 h), and 3-NP (1 mM, 24 h) and analyzed for expression of PUMA. Representative data are shown from two independent experiments. mined if HDACIs can block neuronal cell death mediated by the extrinsic apoptotic pathway. If it does block the extrinsic pathway, then suppression of PHLDA3 observed upon HDACI treatment may be involved. We cannot rule out the possibility that HDACIs also directly target the Bax activation step itself including 6A7 epitope exposure, mitochondrial translocation and oligomerization. This could be the case in p53-independent/Baxdependent apoptosis, for which we were unable to find an HDACI-sensitive target among several likely candidates of Bcl-2 family members. The Bax-Ku70 interaction, which prevents mitochondrial translocation of Bax, is one such mechanism. This mechanism is unlikely to account for the neuroprotective action of HDACIs in primary cortical neurons, however, as HDACIinduced acetylation of Ku70 activates apoptosis by permitting Bax release from Ku70 promoting its mitochondrial translocation (Cohen et al., 2004; Subramanian et al., 2005) .
The p53 transcriptional complex in neurons requires histone deacetylase activity to induce apoptosis Our results involving HDACI removal in the presence of transcription/translation inhibitors suggest that transcriptional events must be a site where HDAC activity is required in CPTinduced p53-dependent apoptosis, consistent with our previous report demonstrating that p53 transcriptional activity is indispensable in this apoptosis model (Uo et al., 2007) . The results also indicated that, to produce a neuroprotective effect, HDACIs must block p53/HDAC-dependent induction of proapoptotic genes rather than induce antiapoptotic genes. This observation is consistent with the lack of change in Bcl-2 or Bcl-x L expression after HDACI treatment. Accordingly, p53-dependent induction of PUMA, a critical mediator of p53-dependent neuronal apoptosis (Uo et al., 2007) , was identified as a target of HDACI action upstream of Bax activation. The expression of PUMA was almost completely dependent on both p53 and HDAC activity, and PUMA mRNA induction subsequent to HDACI removal in CPTtreated neurons did not require new protein synthesis. These results suggest that HDACIs directly target the activity of the p53-dependent PUMA transcriptional complex. The involvement of other p53-inducible proapoptotic genes thus appears to be minimal, although the requirement for PUMA (Cregan et al., 2004; Wong et al., 2005; Uo et al., 2007) may mask the contribution of other HDACI-sensitive targets.
The transcriptional function of p53 is directly regulated by the HAT/HDAC system. Three classes of HATs (p300/CBP, p300/ CBP-associated factor and hMOF/Tip60) acetylate p53 and enhance its stability and transcriptional activity (Kruse and Gu, 2008) . HDACs conversely deacetylate p53 making lysine residues available for other modifications. In the context of our neuronal apoptosis model, increased levels of p53 accumulating in response to HDACI treatment is presumably incapable of either binding to the p53-responsive element of the PUMA gene or recruiting the necessary cofactors needed to ensure transcriptional activation. Although p53 acetylation generally promotes its transactivational activity, the outcome depends on which p53 lysine residues and promoters are specifically involved. Acetylation of K317 (K320 in human) negatively regulates p53's apoptotic activity in response to DNA damage (Chao et al., 2006; Knights et al., 2006) . Thus, p53's apoptotic transcriptional activity can be modified and potentially inhibited by augmenting acetylation of this specific lysine residue. We have shown that HDACI treatment enhances accumulation of DNA damage-induced p53, suggesting p53 hyperacetylation. If increased acetylation also targets this "apoptosis-suppressive" lysine residue, it would limit p53 function in the otherwise active p53 transcriptional complex on the PUMA promoter. Indeed, PUMA and PHDLA3, whose DNA damage-induced upregulation was compromised by HDACI treatment, represent major proapoptotic p53 targets that are negatively regulated by K317 acetylation (Chao et al., 2006) . The contribution of K317 acetylation in our neuronal model is not known. K317 acetylation was shown to promote p53 retention in the cytoplasm (Knights et al., 2006) , which we did not observe in CPT/HDACI-treated neurons. Therefore, there may be additional p53 lysine residues whose acetylation mitigates p53-dependent transcription in neurons.
Alternatively, HDACIs may not directly target p53 acetylation but rather cofactors participating in PUMA transcriptional control. Although HDACs generally act as corepressors, they are also implicated in the transactivation of certain genes (Cho et al., 2005; Nusinzon and Horvath, 2005) , and HDAC1 may specifically show such activity (Zupkovitz et al., 2006) . A recent study with steroid receptor-induced gene expression (Qiu et al., 2006) provides some mechanistic insights. This finding revealed that deacetylated and enzymatically active HDAC1 coactivates, whereas acetylated and, therefore, inactive HDAC1 represses the target promoter activity. If HDAC1, which is known to interact with p53 (Luo et al., 2000) , is recruited to the PUMA promoter and behaves similarly, HDACI-induced inhibition of HDAC1 may result in repression of PUMA expression.
Unique modes of HDACI action in neurons
The antiapoptotic action of HDACIs we observed in neurons is relatively uncommon and contrasts with their proapoptotic actions more ubiquitously observed in tumor cells (Bolden et al., 2006; Dokmanovic et al., 2007) . It is not clear if this represents a neuron-specific or a promoter-specific event. There are several features of apoptosis that appear to be unique to cortical neurons. Bax is the sole mediator of mitochondrial apoptosis in these cells (Uo et al., 2005) , and p53 does not exert a direct apoptotic action in mitochondria/cytoplasm as reported for many non-neuronal cells (Moll et al., 2005) . Moreover, PUMA represents a critical mediator of p53-dependent apoptosis among the large family of BH3-only proteins (Youle and Strasser, 2008) . The effect of HDACIs on the p53-dependent apoptotic pathway appears to largely depend on whether NOXA exerts proapoptotic activity in any given cell type since it is not suppressed by HDACIs. It is conceivable that HDACI treatment may also block Baxdependent cell death in non-neuronal cells, but it may not promote protection as the simultaneous presence of BAK could mediate apoptotic signaling, in contrast to neurons, via the activation of multiple BH3-only proteins. HDACI-mediated inhibition of PUMA induction also occurs in some non-neuronal cells as we demonstrated here, although cells may die in response to the upregulation of other apoptotic proteins such as NOXA and PIG3 (Terui et al., 2003) . This suggests that the transcriptional complex for the PUMA promoter may contain a unique HDACI-sensitive feature in some cell types including neurons. Thus, to selectively manipulate p53's proapoptotic transcriptional activities by HDACIs (inhibition for neurons and augmentation for tumor cells), it is critical to eventually determine the specific pattern of p53 acetylation and the composition of the specific promoters including HAT and HDAC species.
Another unexpected finding was the variable effect that HDACIs had on the expression of BH3-only proteins. In contrast to PUMA suppression, HDACI treatment upregulated BIM in neurons although this was not associated with apoptosis. Upregulation of BIM has been implicated as a mediator of HDACI-dependent apoptosis in tumor cells (Zhao et al., 2005) . Cortical neurons are responsive to BIM's apoptotic action since BIM expression itself was capable of causing neuronal death in a Baxdependent manner (supplemental Fig. 6C , available at www. jneurosci.org as supplemental material). Thus, HDACI must be capable of blocking this self-induced BIM activity in a neuronspecific manner. This "BIM-neutralizing" activity associated with HDACIs in cortical neurons and potentially in other neuronal types may have significant implications for neurodegenerative disease therapies as BIM upregulation has been demonstrated to be a critical contributor to neuronal death in Alzheimer's disease (Biswas et al., 2007 ), Parkinson's disease (Perier et al., 2007) and ALS (Hetz et al., 2007) .
In summary, the present study demonstrates that HDACIs can suppress both p53-dependent and p53-independent biochemical pathways activated during the course of neuronal apoptosis and converging on Bax but involving distinct apoptosis mediators as HDACI targets. The finding that the p53-PUMABax pathway is a novel target of HDACIs also indicates an unexpected role for HDAC activity in the transactivation of p53-target genes. Identification of the specific HDAC(s) involved in this process provides a rationale strategy for treating brain injury and diseases.
